Abstract-An amplitude-division Fourier transform spectroscopy system has been constructed. The system design hinges on an electrothermally actuated micromirror with large piston motion. The micromirror is composed of electrothermal mesh actuators and can generate up to 95 µm usable linear optical path difference of the system at only 0.8 V dc . A custom electrical system is developed to control the micromirror and data processing is implemented to extract the spectrum from interferograms. The system can achieve a spectral resolution of 5 nm at 532 nm.
I. INTRODUCTION

F
OURIER Transform Spectroscopy (FTS) provides an established means of measuring biological and chemical material compositions with high resolution. Its single photodetector configuration offers unrivalled cost advantages in NIR and IR spectral ranges. However, conventional FTS systems are bulky and expensive, primarily for lab use with incomparable spectral resolution. Developing portable FTS system enables real time field analysis in such varied environments as national border checkpoints and in hazardous environmental conditions both natural and manmade [1] . For example, Smith Detection developed a hand-held FT infrared (IR) spectrometer for chemical identification [2] , but it still weighs over two kilograms and is not yet so affordable in consumers market. In order to expand their application range, FTS systems must be further miniaturized and the cost must be significantly reduced. An FTS system is based on a Michelson interferometer with one movable mirror and one fixed mirror respectively in its two optical path arms. In principle, the larger scan range of the movable mirror, the higher the achievable resolution of the FTS is. The key to miniaturize a FTS system is to minimize the size of the movable mirror and its associated control unit.
Micro-electro-mechanical systems (MEMS) technology has been explored to make the movable mirror. The challenges are the limited linear scan range and the undesired tilting during piston scanning of the MEMS movable mirrors. There have been several MEMS micromirror based approaches to a miniaturized FTS system. Electrostatic comb-drive micromirrors with 25μm displacement at 150Vdc were fabricated with sidewall mirrors and beam splitters made of silicon [3] . An electromagnetic actuator created by LIGA fabrication actuates through 54μm at 12mW [4] . An electrostatic micromirror based on pantograph lever design is capable of a maximum of 500μm displacement, but it requires high vacuum (50Pa) and must operate at resonance [5] . All these reported electrostatic micromirror-based FTS systems suffer from either limited linear range, poor shock resistance of vacuum packaged devices, complexity of controlling resonance scan, or strong sensitivity to environmental effects. In contrast, electrothermal actuation can generate large displacement at non-resonance. An electrothermal micromirror based on a lateral-shift-free (LSF) three-segment bimorph design demonstrated about 800μm linear displacement at only 4.5V dc of non-resonant drive, but the actual usable range for FTS was much reduced due to the large tilting of the mirror plate during piston scanning [6] . In this letter, we report a unique meshed S-shaped inverted series connected electrothermal bimorph actuated MEMS mirror that can achieve up to 95μm linear OPD at non resonance with the voltage of 0.8Vdc only, as well as an FTS system based on this MEMS mirror, which can achieve a spectral resolution of 5nm at 532nm.
II. MESHED ISC MICROMIRROR
Electrothermal actuation is accomplished by temperature change via Joule heating that results from applying electrical current to the heater integrated into the bimorphs. From the induced temperature change, the difference of the coefficients of thermal expansion (CTEs) of the constituent layers generates thermal stresses that will bend the bimorph structure. The structure of the S-shaped bimorph actuator constitutes three sections L 1 , L 2 , and L 3 which contain the following thin film layers Al/SiO 2 , SiO 2 /Al/SiO 2 , and SiO 2 /Al respectively, as shown in Fig.1(a) . The layer structure of L 3 is just an inverted version of L 1 , so it is called inverted series connected (ISC) [7] . In this work, a meshed ISC structure design is proposed. Four double-lined ISC bimorph pairs oriented in a redundant configuration with mirror symmetry and folding hinge form a complete folded S-shaped actuator structure, as shown in Fig 1(b) . Such an actuator structure connects the 1041-1135 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. mirror plate at the midpoint on each mirror edge symmetrically to form the full device that can provide strongly vertical motion upon actuation. This meshed actuator configuration is intended to increase reliability of the device to enable a more repeatable device response to drive signal. The device is fabricated with a combined bulk and surface micromachining process [8] . The released device with the initial displacement resulting from intrinsic stress generated during fabrication is shown in Fig. 1(c) . The device shows a common ground for all actuators and individual pads for independent driving signals for each actuator where the device footprint is 1.78mm×1.78mm and the Al-coated mirror plate is 1.06mm×1.06mm with the measured reflectivity of 85% at λ = 632nm.
The device is capable of generating a maximum vertical displacement of 145μm at 1.8Vdc. The quasi-static response of piston displacement is shown in Fig. 2(a) . Further, the measured first mode is a piston mode with a resonance of 347Hz and a Q of 12. By applying a step-function signal, the time response of the mirror is shown in Fig. 2(b) . The rising time and settling time are 4ms and 49ms, respectively.
III. FTS SETUP STRUCTURE
With the micromirror fabricated, an FTS demonstration setup is built around this key component. The schematic is shown in Fig. 3(a) . The first beam splitter (BS) couples both a green light source (GS) and a red light source (RS) into the second BS that splits the light beam respectively into a fixed mirror (FM) and a MEMS movable mirror (MM). Then the reflected light beams from both FM and MM are combined into the third BS which directs half of the light to the first photodiode (PD1) and the other half to a dichroic filter (DF) which only lets the red laser pass through to the second photodiode (PD2). The MM is controlled by a TI microprocessor MSP430 programmed to eliminate the tilting during the piston motion.
In a Michelson interferogram based system, there are three primary concerns that stem from the central optical domain of the system as follows: optical beam divergence, variable velocity of the MEMS mirror, and mirror plate tilting.
According to the classic analysis [9] , the maximum divergence solid angle allowable should be:
where v is the spectral resolution which is equal to 1/OPD, and v max is the maximum wavenumber of the light source.
If an OPD of 95μm is available, the solid angle of divergence should be no more than 35 milli-steradians (for green laser whose wavenumber is 18790 cm −1 ). In our system, the light sources for demonstration are highly collimated lasers. The measured solid angle of divergence is about 40 micro-steradians, which is much smaller than the maximum allowable divergence solid angle. So the beam divergence effect can be ignored in this system. To minimize the off-axis ray interference, a small pinhole is also placed in front of each detector. Due to the nonlinear response at low drive voltage as shown in Fig. 2(a) , the velocity of the mirror plate is not constant. Under a ramping voltage signal with the frequency of 1Hz and amplitude of 0.8V, the velocity varies from 0 to 190μm/s, which results in the frequency of the interferogram signal ranging from DC to 600Hz. Variable velocity is an issue in the context of even sampling time intervals taken during system operation. The acquisition of the interferogram is in temporal domain, where even sampling in spatial domain is desired ideally. To facilitate such conversion, a reference signal generated from a He-Ne laser whose wavelength is stable and known is acquired concomitantly for identical temporal acquisition. This allows the strongly oversampled acquisition to be converted for accurate spatial displacement to overcome the variable velocity effects.
Finally, mirror titling must be addressed. Theoretically, electrothermal actuation displacement is linearly proportional to the power of Joule heating, i.e., U 2 /R, where U is the driving voltage, and R is the resistance of the heater in the bimorphs. The resistances of the mirror's four actuators are slightly different due to fabrication process variations. In consequence the difference of the actuators' responses leads to the mirror plate tilting under same voltages. The solid curve in Fig. 4 shows the tilting angle of the mirror plate driven at the same voltage range as shown in Fig. 2(a) , which reaches 0.37°at 1.18V. This tilting largely deteriorates the interferogram. Thus, a method of correction is accomplished through a TI microcontroller MSP430 system that controls the individual drive channels for the respective actuators. On the basis of the test result, the response for vertical displacement is approximately linear, with a characteristic of Joule heating represented by a lower, nonlinear response at low drive level. The waveforms on each channel can be ratioed by the approximation of equal power inducing equal response across the different actuators to compensate the tilting. The dashed curve in Fig.4 shows the residual tilting with the ratioed voltages compensation. The tilting is significantly reduced from 0.17°to 0.004°at 0.8V.
The system, as constructed on an optical benchtop to address these issues, is presented in Fig.3(b) . The components are matched to the system diagram in Fig.3(a) . The micromirror is mounted on a breadboard for lead wire attachment and subsequently affixed to an adjustable mount designed for alignment on an optical benchtop. Here just for demonstration purpose, we use the red He-Ne laser (λ = 632.8nm, 1125P, JDS Uniphase) as the reference light, and a green laser diode (λ = 532nm, C01440, Lightvision Tech.) combined with the He-Ne laser as the combined source.
IV. FUNCTIONAL EXPERIMENTS
When operating the system and after properly tuning the ratioed driving voltage waveforms with the frequency of 1Hz and amplitude of 0.8V, which reduces the overall travel in vertical displacement of the micromirror but appreciably retains the interference fringe modulation to a certain extent, data is collected. The experimental data collected for the reference interferograms are plotted in Fig. 5(a) . The noise is noted in the detailed image. The envelope of the data shows the residual tilting after the tilt compensation. It is evident that the fringe spacing is not equal over the scan period, which is caused by the non-uniform velocity of the mirror plate. It bears highlighting that the system is functioning at atmosphere with no isolation from any adverse environmental effects. With a wavelength-known laser source (632nm He-Ne laser), from the temporal interferogram shown in Fig. 5(a) , the vertical displacement of the mirror plate can be precisely determined as a function of the driving voltage signal, as plotted in Fig. 5(b) , where a total OPD up to 95μm is achieved at only 0.8V.
This displacement versus voltage relation in Fig. 5(b) is then used to obtain the corrected spatial interferogram of the combined light source, which is shown in Fig. 6(a) . In this case, the combined source is the reference red laser combined with a green laser diode. The corresponding spectrum curve of the combined source is shown in Fig. 6(b) . There are two spectral peaks, 15800cm −1 and 18790cm −1 , or 632.9nm and 532.2m in wavelength, which represent the center wavelengths of the red He-Ne laser and the green laser, respectively. The block diagram of the data processing is shown in Fig. 7 .
The apodization results in a slight decrease of the spectral resolution. For Gaussian windowing, the full width at half maximum (FWHM) resolution is given by 1.17/OPD [10] . At 0.8V, the OPD of the micromirror is 95μm, leading to a theoretical FWHM resolution of 123cm −1 , corresponding to the theoretical wavelength resolutions of 4.9 nm and 3.4nm respectively for the red and green lasers used. In contrast, the measured FWHM resolutions are ∼180cm −1 , corresponding to 7.2 nm and 5.1nm for the red and green, respectively.
The difference between the theoretical and experimental results can be attributed to some sources of error. The main one should be the residual tilting. Before the tilting takes effect, the maximum tilt angle should be [9] :
where, D is the light beam diameter of 0.106cm (aperture limited), and V max is 18790cm −1 (the green laser). So a tilt angle no more than 0.0014°is desirable for no resolution degradation. However, the method of ratioed voltage compensation can control the tilt angle currently down to only 0.004°a t 0.8V. It is difficult to eliminate the tilting completely using the ratioed voltage method due to the inherent nonlinearity of electrothermal actuation. In addition, some environmental factors cannot be ignored. For instance, the measured vibration angle of the mirror plate at rest induced by environmental vibrations is about 0.0021°. The room temperature fluctuation may also generate an error on OPD.
V. CONCLUSION
The construction of the FTS system has provided a preliminary full system that is self-contained and incorporates a micromirror to generate the optical path difference. The full system is demonstrated with a 95μm usable linear OPD and a measured spectral resolution is 180 cm −1 , or 5nm for the 532nm green light. This is comparable to the resolutions of some commercial products, e.g., NIRQuest256-2.5 (Ocean Optics, Inc.)'s 9.5 nm at 900nm, or 122 cm −1 resolution [11] . These positive results encourage pushing the micromirror for even larger OPD and higher frequencies, inclusive of the piston resonance mode frequency, which can enable potential rapid scans in excess of 1mm under linear response. To accomplish this, it is most efficient to incorporate a closed-loop system to track mirror tilting through the range of actuation, while taking advantage of the developed control method. If this is implemented, much larger OPD are practicable, and the spectral resolution can be greatly improved. Further, with the larger OPD MEMS mirror, the entire FTS system can be miniaturized to centimeters-size by components integration.
